Fig. 1. Precambrian bedrock map of southern
, showing location of the Mäntsälä region.
INTRODUCTION
Intrusion of basaltic magma into the crust is often intimately associated with the forming of silicic magmas by crustal melting, and during this process the magmas can act together and be mingled and mixed (Hildreth 1981 , Huppert & Sparks 1988 , Andersson 1991 , Hall 1996 . This interaction of coexisting mafic and silicic magmas is a common, widely accepted, important and complex petrologic process, which occurs in rocks of all ages and all geotectonic environments (Didier & Barbarin 1991a , Pitcher 1993 , Hall 1996 .
Previously, magma mingling/mixing features, such as K-feldspar phenocrysts in mafic enclaves, have been commonly considered to represent granitization of gabbroic xenoliths by potassium metasomatism (see discussions and references in Vernon 1986 , Pitcher 1993 , Hall 1996 , Sylvester 1998 . This is the case also for the Svecofennian Soukkio Gabbro in Mäntsälä, southern Finland (Härme 1958 (Härme , 1978 , part of the layered Soukkio Complex (Eerola & Törnroos 2000, Figs. 1 and 2). However, the granitization hypothesis is unable to explain features found in the complex. Moreover, the experimental work by Tuttle and Bowen (1958) showed that granitization by metasomatism is untenable (Krauskopf 1982, p. 327) and it has been generally abandoned (Hall 1996, p. 334 ). Based on current literature, these features were recently interpreted to represent coeval interaction of compositionally contrasting magmas (Eerola & Haapala 2000 .
This paper describes in more detail the textures, structures, zonation and geochemistry of the Soukkio Complex that indicate operation of magma mingling and mixing processes. A model for evolution of the complex is also proposed.
MAGMA MINGLING AND MIXING: CHARACTERISTICS AND PROCESSES
The best methods to detect magma mingling and mixing are careful field and microscopic observations (Nardi & Lima 2000) , because the structures related to this phenomenon are very characteristics. However, there is a great variation in shape and size, ranging from net-veined complexes to fine-scale streaky intermingling (Xu et a. 1999) . The most typical features are mafic microgranular enclaves (Didier 1973) , mafic microgranitoid enclaves (Vernon 1983) or mafic magmatic enclaves (Barbarin 1988) , referred herewith as MMEs according to recommendation of Didier and Barbarin (1991b) , and synplutonic dykes (see Pitcher 1991) in a more felsic host. MMEs are generally fine-grained blobs of mafic magma with chilled margins, apatite needles and zoned plagioclase, evidencing quenching of the MME against the felsic host due to great thermal contrast (Vernon 1983 (Vernon , 1984 (Vernon , 1986 . Other typical textural features are K-feldspar ovoids with mantled rims of plagioclase and quartz surrounded by hornblenditic rim (quartz ocelli) in MMEs, suggesting mechanical mixture with the host (Blake et al. 1965 , Vernon 1983 , 1984 , Pitcher 1993 , Sylvester 1998 , Xu et al. 1999 . MMEs may have cuspate contacts, indicating their magmatic state, and as long as the viscosity of the MME is lower than the viscosity of the host, they are able to capture other enclaves and K-feldspar and quartz xenocrysts from the host (Vernon 1983 (Vernon , 1984 . MMEs result from disintegration of mafic magma by felsic magma.
Synplutonic dykes are linear mafic bodies that intrude a more felsic host, which is crystallizing, and are commonly disrupted by flow of the visco-plastic host, resulting in aligned MMEs (e.g. Pitcher 1991 , Mellqvist 1999 .
Most of the models proposed to explain how the interaction of different magmas takes place in the plutonic environment involve intrusion of mafic magma into a silicic magma chamber (Blake et al. 1965 , Vernon 1983 , Huppert & Sparks 1988 , Lindberg & Eklund 1988 , Nironen & Bateman 1989 , Pitcher 1991 , Michael 1991 , Neves & Vauchez 1995 , Salonsaari 1995 , Wiebe 1993 , Hall 1996 , Mellqvist 1999 , Bergantz 2000 , Preston 2001 ). However, the opposite could also be important and possible (Wiebe 1987a ,b, Koyaguchi & Blake 1991 , Weinberg 1997 .
High injection speed and turbulence of mafic magma and flow of the host favor their mixing (Campbell & Turner 1989) . Mixing is also favored if the volume of mafic magma is great and if it has low viscosity and compositional contrasts with the host -the contrary favors magma mingling (Koyaguchi & Blake 1991) . If mafic magma enters slowly into a felsic magma chamber, it flows on the floor and creates mafic-felsic layering (Campbell & Turner 1989 , Wiebe & Snyder 1993 , Snyder & Tait 1995 , Bergantz 2000 , common in mafic silicic layered intrusions (Wiebe 1993a (Wiebe , 1996 or stratified composite intrusions (Wiebe & Collins 1998) . This favors magma mingling (Campbell & Turner 1989) and consequent pillow formation by flow-front instability (Snyder & Tait 1995) . If these processes take place in a shallowlevel intrusion, magma mingling is more probable to occur because of faster cooling (Pitcher 1993 , Hall 1996 . In orogenic complexes, due to availability of major heat budget and a greater time span, magma mixing is generally preferred over mingling (Andersson 1991 , O. Eklund, pers. comm. 2001 . However, according to Wiebe (1991) and Hall (1996) , a proof for extensive mixing with generation of voluminous intermediate magmas is difficult to find, and independent on tectonic environment, magma mingling is by far the most common expression of interaction of contrasting magmas.
COEVAL CONTRASTING MAGMATISM IN THE SVECOFENNIAN OROGEN
The interaction between mafic and silicic magmas occurred at all stages of the Svecofennian Orogeny in the Fennoscandian shield, having an important role in its crustal evolution (Andersson 1991) . The phenomenon is recorded in the Finnish 1.9-1.87 Ga synorogenic complexes (Nironen 1989 , Nironen & Bateman 1989 , Ehlers & Lindroos 1990 , Lahtinen 1994 , Kärkkäinen & Ap-pelqvist 1999 , Rämö et al. 1999 , Nironen et al. 2000 , Pääjärvi 2000 , 1.83 Ga late-orogenic potassium granites (Lahtinen 1996 , Rämö et al. 1999 ) and dykes (Rautiainen 2000) , and 1.80 Ga post-orogenic complexes (Lindberg & Eklund 1988 , Eklund et al. 1999 , Väisänen et al. 2000 . It was common also in the 1.65-1.54 Ga Finnish anorogenic rapakivi granites (e.g. Lindberg & Eklund 1992 , Salonsaari 1995 , Rämö et al. 1999 ). According to R. Lahtinen (pers. comm. 1999) , magma mingling and mixing were probably much more common during the Svecofennian Orogeny in Finland than what has been previously thought, but to date these occurrences have not received much attention. Indeed, there are only brief mentions and few detailed descriptions on these phenomena in the Finnish Svecofennian synorogenic complexes.
GEOLOGICAL SETTING OF THE MÄNTSÄLÄ REGION The Hyvinkää-Mäntsälä Gabbroic Belt
The Mäntsälä region, located 50 km NE from Helsinki ( Fig. 1) , belongs to the Häme Belt, an E-W trending Svecofennian (1.9-1.87 Ga) volcanic-sedimentary belt (Hakkarainen 1994 , Kähkönen et al. 1994 , Tiainen & Viita 1994 . The belt is part of the Accretionary Arc Complex of Southern Finland (Rämö et al. 1999 , Nironen et al. 2000 . The volcanic rocks of the Häme Belt show island arc to within-plate signatures (Hakkarainen 1994 , Lahtinen 1996 .
The Mäntsälä gabbros are part of an E-W trending linear belt of mafic-ultramafic intrusions, which extends from Somero to Pukkila (Koistinen 1994, Fig. 1) , and is known as the Hyvinkää-Mäntsälä Gabbroic Belt (HMGB; . The HMGB consists of several mafic-ultramafic intrusive associations, with coeval granitic magmatism. The gabbros of the HMGB have U-Pb zircon ages of 1.88-1.87 Ga and ε Nd values of +2 to +3 (Huhma 1986 , Patchett & Kouvo 1986 . This records the existence of young lithospheric mantle formed from depleted mantle source under thin and immature crust during 1.91-1.89 Ga (Andersson 1991 , Lahtinen 1994 . The HMGB represents the voluminous syn-collisional magmatism at 1.88-1.87 Ga, which was a major new crust forming process (Lahtinen 1994 (Lahtinen , 1996 . The abundant mantlederived magmatism could have been the result of lithospheric thickening, followed by upwelling of the thermal boundary and leading to magmatic underplating and high heat flow (ibid.). The consequent partial melting of the crust generated abundant felsic magma, which interacted with the mafic one. The linear trend of the HMGB intrusions may reflect extension and generation or reactivation of deep fractures and shear zones by which the mafic magma intruded at 1.88-1.87 Ga.
Mafic-ultramafic intrusions in Mäntsälä
The bedrock in Mäntsälä consists of SW-NE trending metavolcanic and -sedimentary rocks, mafic-ultramafic intrusions, and granitoids (Fig.  2) . The mafic and felsic plutonic rocks are closely related and a granitoid batholith occupies the major part of the area. The mafic-ultramafic intrusions are located mostly at the edges of this batholith (Fig. 2) . The regional metamorphism reached upper amphibolite facies (Kähkönen et al. 1994) . The Mäntsälä mafic-ultramafic association consists of ten subcircular to elongate layered bodies of gabbros, pyroxenites, and anorthosites (Kaitaro 1956 , Härme 1978 , Eerola 2000 . The surface area of the intrusions varies between 0.5 and 25 km 2 . The major gabbroic intrusions of the region are the Hirvihaara, Soukkio and Pitkäjärvi Gabbros (Fig. 2) . Based on dating on the Soukkio Gabbro (Huhma 1986) , the Mäntsälä gabbros are ca. 1870 Ma in age.
Mafic volcanic rocks, especially agglomerates, surround most of the gabbro bodies. This has been interpreted to support comagmatic relationship for these rocks and to indicate that the gabbros represent magma chambers of volcanoes (Härme 1978) . In fact, the metavolcanic rocks, mafic intrusions, and synkinematic granitoids are roughly coeval (Patchett & Kouvo 1986 ) and closely associated in many Svecofennian plutons (Nurmi & Haapala 1986 , Lahtinen 1996 . Granitic clasts found by the author in the volcanic-sedimentary succession at the eastern side of the Mäntsälä region suggest rapid exhumation of granitoids or existence of older crust there.
The Soukkio Complex
The Soukkio Complex is composed of a mafic part, the Soukkio Gabbro, and a felsic part, the Soukkio Granitoid, which mainly surrounds the gabbro.
The Soukkio Gabbro
The Soukkio Gabbro, at and around Lake Kilpijärvi (Fig. 2, Kaitaro 1956 ), is distinguished as a strong positive anomaly on aeromagnetic and gravity maps (Eerola & Ajlani 2000) , which is a typical feature for complexes with mafic-felsic magma interaction (Andersson 1991 , Hall 1996 . It is a plate-like sill or sheet of layered hornblende gabbro, inclined gently toward the east. Minor peridotites and anorthosites are found in the lower zone in the western part.
The main minerals of the Soukkio Gabbro are hornblende, plagioclase, titanite, apatite, and oxides. Layering can be best observed at the western margin at Sarkasuo (Site 1 in Fig. 2 ), where the gabbro shows cross-stratification, parallel bedding, slumping, trough and cut-and-fill structures, represented by alternating layers of anorthosites and horblendites (former pyroxenites, Fig. 3 , see also Eerola 2000 . These structures suggest dynamic layering formed by collapse of partially crystallized cumulates and their flow on the magma chamber floor as density currents (see Wager & Brown 1967 , McBirney & Nicolas 1997 . Massive and layered mafic-ultramafic cumulates with patches of anorthosite overlay this sequence. These patches represent less dense diapirs intruded from the layers below (cf. Wager & Brown 1967) .
Cumulates are also well exposed on the eastern side of Lake Kilpijärvi and are intruded by late-magmatic gabbroic pegmatoids. These features are similar to those found in the Skaergaard Intrusion and provide evidence for well-developed differentiation and crystal fractionation (Wager & Brown 1967 , Larsen & Brooks 1994 . In addition, the gabbro is characterized by strong variations of crystal size and is intruded by mafic dykes and granitic pegmatites.
The Soukkio Granitoid
The Soukkio Granitoid is mainly a pink, coarsegrained, porphyritic calc-alkaline and peraluminous granite, locally monzonitic in composition. The main minerals are microcline, hornblende, plagioclase, biotite, and quartz, with zircon, titanite and opaque phases as accesso- Kaitaro (1956) recognized the diverse nature of the Soukkio Granitoid, compared to the lateorogenic potassium granite in the Mäntsälä region. Late-orogenic potassium granite (~1.83 Ga, Ehlers et al. 1993 ) has been thought to have caused granitization of the solid Soukkio Gabbro by potassium metasomatism (Härme 1958 (Härme , 1978 . However, this granite intruded the gabbro and granitoid (Härme 1978) in the form of pegmatites and did not have interaction with or effect on the gabbro . Instead, the Soukkio Granitoid shows clear indications of magma interaction with the gabbro, suggesting a similar age .
STRUCTURES AND TEXTURES SUGGESTING MAGMA MINGLING
Structures and textures suggesting interaction of compositionally contrasting magmas are common in a NE-SW trending, 1-2 km wide area surrounding Lake Kilpijärvi. A NW-SW profile through the complex is divided into four zones, the Western Zone, Central-Western Zone, South-Central Zone and Eastern Zone. These zones are described below and their characteristics are summarized in Table 1 .
Western Zone: a layered gabbro
The Western Zone represents basal cumulate. The previously described Sarkasuo area equals the Layered Series of Wiebe (1987a,b) . The Punahiedanmäki area with tonalites-granodiorites, probably a result of magma mixing, follows it upward in the stratigraphy of the complex (Fig. 2 ). These felsic rocks carry a polygenic enclave swarm, including MMEs, and stratified volcanic and pelitic xenoliths.
Central-Western Zone: mafic and felsic layering
The Järvikulma region (Site 2, Fig. 2 ) shows layering of felsic and mafic rocks, and equals the Hybrid Series of Wiebe (1987a,b) . The base of the exposed succession is characterized by alternation of ultramafic, fine-grained mafic, and monzonitic layers. Features suggesting magma mingling and mixing are visible at the contacts as K-feldspar xenocrysts in the hornblendite, and as horn- blendite MMEs in the monzonite. The contacts between layers are cuspate. The hornblendite grades gradually to a fine-grained mafic layer, followed by a sharp contact with a monzonitic layer. The overlaying felsic layer is mainly composed by tightly packed rapakivi-textured K-feldspar ovoids, which are also found in the ultramafic layer below. This sequence resembles the macrorhythmic unit of the Pleasant Bay Gabbro-Diorite, described by Wiebe (1993b) .
The area shows also medium-to fine-grained gabbroic layers alternating with irregular ribbonlike or amoeboid leucocratic hybrid layers (Fig.  4) . The felsic layers carry ellipsoid MMEs with cuspate margins, captured from the mafic layers. The contacts between layers of different compositions are cuspate, and the mafic layers have chilled margins against the felsic layers. The felsic layers show flame and load-cast structures on their top, in contact with the base of the mafic layers. Felsic pipes intrude the mafic layers. Some K-feldspar xenocrysts occur in the mafic layers, and the felsic layers have tightly packed rapakivi-textured K-feldspar ovoids as cumulates.
The structures of the Central-Western Zone are similar to those described by Wiebe (1993a Wiebe ( , 1996 and Wiebe and Collins (1998) in the mafic-silicic layered intrusions and stratified composite intrusions. They probably indicate intrusion of mafic magma into a silicic magma chamber (e.g. Wiebe 1993b Wiebe , 1994 . Due to its greater density, the mafic magma flows on the floor and accumulates in layers on the bottom of the felsic magma chamber (Campbell & Turner 1989) . There the felsic magma is trapped between the mafic layers, forming cumulatic felsic layers (Wiebe 1993a , Snyder & Tait 1995 , Wiebe & Collins 1998 , Bergantz 2000 .
Because felsic magma is less dense than the mafic one, it attempts to rise through the mafic layers. This process results in crenulated and ribbonlike or amoeboid contacts, flame and load-cast structures between mafic and felsic magmas, felsic pipes, and finally, disruption of mafic magmas and consequent formation of MMEs in the form of pillows (Snyder & Tait 1995 , Wiebe 1996 , Wiebe & Collins 1998 . Similar features could also be generated by intrusion of felsic magma into the mafic magma chamber and this is even more efficient in producing magma mingling and mixing, especially when mafic magma is more voluminous than the felsic one (Wiebe 1987a ,b, Koyaguchi & Blake 1991 , Weinberg 1997 . Alternation of fine-grained mafic and ultramafic layers suggests new magma pulses (Snyder & Tait 1995 , Wiebe & Collins 1998 , Semenov et al. 2000 .
The South-Central Zone: MMEs
In the following, MMEs are described in three areas of the South-Central Zone; at Rajamäki, Kupinmäki, and Haanmäki.
The Rajamäki area is located at the southernmost extremity of Lake Kilpijärvi, west of Site 3 in Fig. 2 . It shows MMEs in the form of tightly packed pillows. They are of different sizes and are surrounded by anastomosing veins of monzonite (Fig. 6 in Eerola & Törnroos 2000) , which contain rapakivi-textured K-feldspar ovoids. The contacts of the mafic pillows and felsic veins are crenulated. Grain-size and amount of K-feldspar xenocrysts in the pillows vary widely. Clots of hornblende and biotite are common in the most coarse-grained varieties of pillows. Surrounding pillows deformed one of the pillows and all the pillows are molded against the K-feldspar ovoids of the felsic veins, showing that the pillows behaved in a plastic manner (e.g. Wiebe 1991 , Wiebe & Collins 1998 . This may also be the reason for preferred orientation of its mafic clots and xenocrysts. There are also light brown, rounded or ellipsoid microgranitoid enclaves with few if any K-feldspar xenocrysts and zoned plagioclase crystals, indicating their magmatic origin. This arrangement of mafic pillows hosted by anastomosing felsic veins is also known as net veining (see Lindberg & Eklund 1988 , Wiebe 1991 , Pitcher 1993 , Hall 1996 . The association is also found in cliffs on the SW side of Kilpijärvi (Härme 1978) . According to Wiebe (1991) , it represents accumulation of sinking mafic pillows on a granitic crystal mush, which penetrates them in the form of veins.
The Kupinmäki area (Site 3 in Fig. 2 ) shows typical MMEs hosted by porphyritic monzonite (Fig. 5 in Eerola & Törnroos 2000) . The MMEs are fine grained, homogeneous and green-gray, and they have cuspate and chilled margins against the felsic magma. The largest MMEs are up to 2 m in diameter and are stretched towards north, indicating magma flow (see Vernon et al. 1988 ). Kfeldspar xenocrysts in the MMEs are ovoids or euhedral grains. Rapakivi texture is rare or absent. Quartz ocelli are not found, as there is practically no quartz in the host rock. Hornblende-biotite patches surrounding partially consumed K-feldspar xenocrysts are common. Blebs of monzonite intruded some of the MMEs in the form of diapirs or pipes. These are also found as "enclaves" within the MMEs. This is related to a tendency of felsic crystal mush to dismember mafic magma, forming smaller MMEs by disruption. Some of the MMEs are intruded by aplitic veins by back veining of the host. This is due to partial melting of the host when the MME starts to become brittle and is fractured despite its higher temperature compared to the host (Barbarin 1988 , Pitcher 1993 , Neves & Vauchez 1995 , Nardi & Lima 2000 . In addition, a swarm of smaller and tightly packed MMEs in process of disruption is found in the Kupinmäki area.
The Haanmäki area (north of site 3 in Fig. 2 ) shows alternation of irregular mafic and silicic amoeboid and ribbon-like layers, similar to those found at Järvikulma. There are also mafic pillows surrounded by monzonitic veins, including rapakivi-textured K-feldspar xenocrysts, hornblendebiotite patches, and fine-grained granitic xenoliths, forming double or composite enclaves (Fig. 5 ). This indicates that MMEs captured already crystallized granitic enclaves; this is one of the strongest evidence for magmatic behavior of MMEs (Vernon 1986 , Barbarin 1988 . The most classic and smaller MMEs are found in this area (Fig. 6) . The MMEs are stretched towards north, evidencing direction of magma flow.
The South-Central Zone probably represent an area where the mafic magma, injected into the silicic magma chamber, was disrupted by felsic magma, forming MMEs as a result of flow-front instability (see Snyder & Tait 1995 , Wiebe & Collins 1998 . This pillow zone forms a layered concentric structure, surrounding the S-SE part of Lake Kilpijärvi. This kind of layering is common in the stratified composite intrusions described by Wiebe (1994) and Wiebe and Collins (1998) .
Eastern zone -layering of hornblendite and syenite and disrupted mafic dykes or sheets in granite

Peltolanmäki
The hornblendite-gabbroic body with felsic parts in the Peltolanmäki area, NW of Site 4 (Fig. 2) , was mapped as an intrusive syenite by Kaitaro (1956) . It was considered by Härme (1978) to represent granitization of a gabbro by potassium metasomatism. The mafic enclaves included in the felsic part were interpreted as xenoliths by Härme (1978) . In fact, felsic layers with composition close to syenite with abundant rapakivi-textured K-feldspar augens and MMEs alternate with cumulatic mafic-ultramafic layers. This body is an intensively sheared cumulatic unit with trapped felsic layers. It dips gently to the west, as do other units in the Eastern Zone. The hornblenditegabbroic part of the body has pockets with appinitic texture, i.e. 2-5 cm long acicular hornblende phenocrysts. This layered zone is surrounded by leucotonalites and leucogabbros with some MMEs (e.g. Site II in Fig. 2) .
The Peltolanmäki area represents probably a lower zone of the Soukkio Gabbro, corresponding with the Sarkasuo cumulates on the western side. A monzosyenitic composition could have been achieved by interaction of two contrasting magmas (e.g. Dobnikar et al. 2000) and accumulation of K-feldspar in trapped felsic layers (e.g. Wiebe 1993a) . Interaction between the contrasting compositions is suggested by the mafic-felsic layering of the body and widespread occurrence of MMEs with K-feldspar xenocrysts. The appinitic texture is generally associated with lamprophyres and magma mingling and mixing (Ayrton 1991) . The spectacular growth of hornblende phenocrysts in the mafic body was probably caused by water derived from the interacting felsic magma (ibid.).
The leucotonalites and leucogabbros with some MMEs (Site II in Fig. 2 ) suggest magma mixing, probably corresponding with the Punahiedanmäki zone on the western side of the intrusion.
Soukkio
The eastern border of the Soukkio Complex is porphyritic quartz monzonite to granite in composition. There are disrupted mafic and felsic synplutonic dykes or sheets which occur as elongated and comformable MMEs in the host (Fig. 7) , forming schlieren, a typical feature of this kind of association (Barbarin 1991 , Bussel 1991 , Didier & Barbarin 1991b , Pitcher 1991 
Type of enclaves Characteristics
Type 1 Common, mafic, dark-gray, fine-to medium-grained, crenulated contacts, K-feldspar xenocrysts, rapakivi texture, quartz ocelli, double enclaves, hornblende-biotite patches Type 2
Rare, mafic, light-gray, coarse-grained, crenulated contacts, K-feldspar xenocrysts (Ø=10 cm), rapakivi texture Type 3
Common, felsic, pink-light gray, diffuse contacts, abundant K-feldspar xenocrysts, rapakivi texture, quartz ocelli Type 4
Rare, mafic, gray, foliated, K-feldspar rare or absent, probable xenolith 1995). Their orientation is N-S and the association is deformed. This association can be seen best at Site 4 of Fig. 2 . There is also a small educational geosite (108 in Fig. 2 ) with provincial importance, representing the same association, but proposed to be conserved as an example on granitization of gabbro by Kananoja and Grönholm (1993) . Four main types of MMEs can be observed and are described below; see Table 2 for summary. Type 1 is the most common type and is medium-grained, elongated, sheet-like MME with dimensions varying from 0.3 to 5 m in length and up to 0.5 m in width. Hornblende-biotite patches are common. The contact with the surrounding granite is cuspate, and the sheets host several Kfeldspar xenocrysts, which vary from euhedral to ovoid and have rapakivi texture (Fig. 3b in Eerola et al. 2000 and Fig. 8) . Quartz ocelli, with similar size and shape as quartz grains in the granite, also occur in the MMEs. Acicular apatite grains can be seen under the microscope. There are also few double or composite enclaves, i.e., the MMEs host pieces of disrupted coarse-grained cumulatic ultramafic rocks, which were captured by them.
Type 2 consists of coarse-grained, several meters long and ca. 1 meter wide sheet-like MMEs, composed mainly of hornblende and plagioclase, with cumulate texture. They resemble the leucogabbro occurring at Site II in Fig. 2 , but are relatively rare. They host numerous K-feldspar xenocrysts with varying diameters and rapakivi texture. The largest K-feldspar megacryst ovoid has a diameter of 10 cm, which is much greater than in the granite host, in which the K-feldspar grains have a maximum diameter of 2-3 cm (Fig. 7) . Type 3 is represented by felsic, pink to light grey, fine-grained, elongated intermediate and some tens of centimeters to several meters long and 5 cm to 0.5 m wide sheets (Fig. 7) . Some of the sheets have diffuse contacts with the host and are rich in K-feldspar xenocrysts and quartz ocelli. Quartz ocelli are of the same size as the quartz phenocrysts in the host. The sheets probably represent readily hybridized MMEs.
Type 4 is very fine-grained, strongly to weakly foliated, elongated, grey enclave (Fig. 7) . There are some mafic clots similar to those in Type 1, but only few K-feldspar phenocrysts are found. Enclaves of this type are extremely rare. Due to their strong foliation and fine grain size, they could be supracrustal xenoliths (schists) or strongly sheared MMEs.
Both the host and the enclave types are cut by aplitic dykes originated from the granite and oriented parallel to the mafic sheets (Fig. 3a in . This is typical for deformed dykes where silicic vein material is commonly transposed parallel to the main planar fabric (Bussell 1991). These silicic dykes may represent back veining by the granite, which was partially melted due to the still high-temperature mafic magmas (ibid.).
The presence of rapakivi textured K-feldspar ovoids and euhedral crystals, both in the host quartz monzonite and granite and in the MMEs, is essentially a magmatic feature (Vernon 1986 , Bussy 1990 , Eklund & Shebanov 1999 . Ovoids with mantled plagioclase rims suggest thermal disequilibrium between the host and the mafic rock, and this texture is common in magma mingling
Fig. 8. A photomicrograph showing the contact between granite (coarse-grained, upper side) and MME (finegrained, lower side) and part of K-feldspar ovoidal xenocryst surrounded by plagioclase rim (lower left). Length of the thin section is 5 cm. Soukkio, Site 4. Photo by the author.
and mixing (Hibbard 1981 , Vernon 1983 , 1984 , Bussy 1990 , Sylvester 1998 , Lowell & Young 1999 . K-feldspar megacrysts occur more commonly only in enclaves of probable igneous origin, even where there is a mixed population of xenoliths and MMEs (Pitcher 1993) . A magmatic origin of the MMEs is also suggested by the presence of double or composite enclaves in them (cf. Vernon 1986 , Barbarin 1988 , Bussel 1991 .
According to Eklund and Shebanov (1999) , the megacrystic K-feldspar xenocrysts (Ø=10 cm) suggest a frozen situation where xenocryst was captured by the MME at a greater depth than that represented by smaller K-feldspars in the host. When the granite was ascending in the crust, the grain size of K-feldspars in the host was reduced by resorption due to decreasing lithostatic pressure. However, the original grain size was preserved in some MMEs because of their higher temperature, which protected them from resorption (Eklund & Shebanov 1999) . In fact, the coarse grain size and cumulate texture of Type 2 MME could indicate that it intruded at an early stage as synplutonic dyke in a deep part of the magma chamber (e.g. Barbarin 1991 ). However, for R. Wiebe (pers. comm. 2001 ) it may be a cumulate sheet that forms a layer, which is a common feature in the stratified composite intrusions that show interaction of contrasting magmas (Wiebe & Collins 1998) .
The presented observations suggest magma mingling and mixing that is typical on the margins of granitic magma chambers with early fractures into which mafic magma intruded as synplutonic dykes (e.g. Barbarin 1988 , Bussel 1991 , Pitcher 1991 , Neves & Vauchez 1995 , Salonsaari 1995 , Sylvester 1998 , Mellqvist 1999 , Xu et al. 1999 , sills (Michael 1991) or as disrupting sheets flowing on a sloping floor of a magma chamber (Wiebe & Collins 1998) . When a dyke or a sheet is emplaced into a visco-plastic felsic host, it is disrupted due to flow of the host magma, generating MMEs (Barbarin 1991 , Bussel 1991 , Pitcher 1991 , Neves & Vauchez 1995 , Salonsaari 1995 , Wiebe & Collins 1998 , Mellqvist 1999 . However, as observed by Pitcher (1991) , deformation makes it difficult to determine the correct origin of the elongated MMEs.
GEOCHEMISTRY OF THE SOUKKIO COMPLEX
The geochemical evidence for magma mixing can be ambiguous (Michael 1991 , Hall 1996 , Nardi & Lima 2000 but it has still been widely used to study the phenomena (e.g. Barbarin 1988 , Lindberg & Eklund 1992 , Salonsaari 1995 , Lowell & Young 1999 , Xu et al. 1999 .
Geochemical data of 25 samples selected from the 59 samples analyzed by Eerola (2000) of the Soukkio Complex and its enclaves is presented in Table 3 . The samples were collected from Sites Leuco-Monzo-Felsic Felsic "Syenite" Pyroxenite Appinite gabbro MME Granite Granite Granite MME MME granite enclave enclave MME (Irvine & Baragar 1971) , with data from Table 3 and symbols as in Fig. 9a. 1-4 along a NW-SE profile through the main units of the complex (Fig. 2, Table 3 ). They were taken with hammer, avoiding weathered surfaces, veins and fractures.
Analytical methods
The whole-rock samples were analyzed at X-Ral in Canada, Geochemical Laboratory of the Geological Survey of Finland (GTK) and Geochemical Laboratory of the Department of Geology, University of Helsinki (UH). The analyses at X-Ral were made using X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS) and neutron activation (NA). The analyses performed at GTK and the University of Helsinki were made using XRF and inductively coupled plasma atomic emission spectrometry (ICP-AES), respectively. The samples were jaw crushed, and the splits were pulverized in a tungsten-carbide bowl for XRF analyses and in a carbon steel bowl for ICP-MS analyses. Major elements and Rb, Sr, Y, Zr, Nb and Ba were determined by XRF. The rare earth element (REE) determinations were made at X-Ral using NA and ICP-MS. Detection limits of the GTK and UH analyses for the minor and trace elements are 20 ppm for Ba, 10 ppm for Zr and Nb, 5 ppm for Rb, Sr and Y, 0.25 ppm for Nd, 0.2 ppm for Sm and Ta, 0.15 ppm for Ce, Gd, Dy, Er and Yb, 0.1 ppm for La, Pr and Lu, and 0.05 ppm for Eu, Tb, Ho and Tm. Detection limits of the X-Ral analyses for major elements are 0.01%, except 0.001% for TiO 2 , 0.5 ppm for Th, 20 ppm for Ba, 2 ppm for Zr, Nb, Cr, V and Rb, 1 ppm for Ni, Y, Ta and Hf, 0.05 ppm for Sr, Th, Lu, Eu and Sc, 0.02 ppm for Pr, and 0.01 ppm for Yb, La, Ce, Nd, Sm, Gd, Tb, Dy, Er and Tm. The estimated uncertainty is 1-5% for major elements and 3-10% for trace elements.
Major elements
In the classification diagram (Fig. 9a) , the gabbro samples of the Soukkio Complex plot in the gabbro and monzogabbro fields whereas the granitoid samples are dispersed in the monzodiorite, monzonite, quartz monzonite and granite fields. Most of the MMEs fall in or close to the monzogabbro field, one sample in the foid monzodiorite field, and the felsic enclaves are monzonitic. In general, the enclaves tend to be intermediate between the gabbro and granitoid samples. The hybrid "syenite" has also a monzonitic composition. The granitoids are peraluminous with Al 2 O 3 / (CaO+Na 2 O+K 2 O) values ranging from 1.33 to-1.69 (figure not shown, calculated from Table 3 ). On the AFM diagram (Fig. 9b) , the gabbro sam- Table 3 and symbols as in Fig. 9a . Table 3 and symbols as in Fig. 9a ples largely follow the tholeiitic trend while the granitoids and enclaves plot in the calc-alkaline field. The enclaves are again intermediate between the gabbro and granitoid samples. In the Harker diagrams (Fig. 10a) , most of the granitoid samples define decreasing trends with increasing SiO 2 for all major elements, possibly indicating fractionation. The relatively low K 2 O (together with the low SiO 2 , for a granitoid) in the amoeboid leucocratic layer at Järvikulma emphasizes its hybrid character. The rather high K 2 O (3.0-5.5 wt%) in the typical granitoids might be a sign of crustal contamination by pelites, supported by the presence of abundant large pink K-feldspar phenocrysts (cf. Hall 1996) . However, the K 2 O content in the Soukkio granitoids is considerably lower than in the late-orogenic 1.83 Ga potassium granites (~9 wt%, Härme 1978) . The felsic enclaves in general fall on the trends of the granitoids but tend to be lower in K 2 O and slightly higher in TiO 2 than the latter typically.
b) Harker diagram with trace-element data from
The MMEs are concentrated near or together with the gabbroic samples in the Harker diagrams but both groups show considerable dispersion for most major elements. The scattering among the gabbros is in part due to more or less cumulative character of the samples; e.g. the gabbro highest in SiO 2 is cumulate sample 51-S-97 (Table 3) and it has distinctly lower contents of P 2 O 5 , K 2 O, Na 2 O and TiO 2 than the other gabbros. A part of the dispersion might be caused by fractionation of olivine and pyroxenes. The MMEs have, in general, higher K 2 O than the gabbros while the latter tend to be higher in FeO*. The relatively high K 2 O contents could be explained by interaction of the MMEs with the granitoid magmas (change of K-feldspar xenocrysts), which are even higher in K 2 O. With increasing SiO 2 , both groups show steep decreases in TiO 2 . A similar decrease in FeO* is found for the gabbros and in MgO for most of the MMEs. A possible reason for the scattering among the MMEs may be fractionation (e.g. Andersson 1991 , Michael 1991 . Fig. 11 . a) Chondrite-normalized REE patterns (Nakamura 1974) with data from (Pearce 1983) with data from Table 3 and symbols as in Fig. 11a. The gabbros, MMEs, felsic enclaves and granitoids together define largely linear, negative slopes for CaO, MgO, FeO* and P 2 O 3 , but among the mafic rocks the trends tend rather be curvilinear due to the wide dispersion there. The generalized trend for Al 2 O 3 is practically horizontal, and K 2 O shows a positive trend, with a wide scatter, however. The partly linear trends might indicate a magma mixing system (cf. Salonsaari 1995 , Lowell & Young 1999 .
Some elements (MgO and TiO 2 ) show two possible mixing lines involving gabbros, MMEs, felsic enclaves and granitoids, but with a similar granitic end member at 72 wt% SiO 2 . This might result from fractionation among the enclaves (cf. Andersson 1991) .
Two MMEs have relatively high contents of TiO 2 . In particular, the sample from the mafic dyke/sheet (SG-5F) has ca. 5 wt% of TiO 2 , which is much higher than in the Soukkio gabbroic rocks typically (ca. 0.3-2.8 wt%, Table 3 ). Based on Michael (1991) , Wiebe and Snyder (1993) , Xu et al. (1999) and Nardi and Lima (2000) , this could represent the original TiO 2 content of the mafic magma or its enrichment in mafic enclaves.
The combination of linear, curvilinear and scattered trends on the variation diagrams indicates that several processes influenced the compositions of the rocks. It should be also emphasized that many of the gabbro samples are cumulative and do not represent proper compositions of melts. These points might suggest that crystal fractionation was more important than magma mixing. This would be in agreement with the field observations that magma mingling is more common than mixing. In addition, typical mixing lines may not be observed if there were several mixing episodes (Nardi & Lima 2000) and/or if the initial end member compositions were not exactly identical for all hybrids and if they changed with time (cf. Andersson 1991) .
Trace elements
Trace elements show similar behavior as the major elements in Harker diagrams (Fig. 10b) . MMEs are concentrated near or together with gabbroic samples. Slightly curvilinear, though in part dispersed, trends are observed for Sr, V and Sc involving granitoids, enclaves and gabbroic rocks. The contents of Sr, V, Cr, Ni, and Sc have negative correlations with the SiO 2 content, indicating fractionation of gabbroic rocks. The low concentrations of Ni (<250 ppm) and Cr (<500 ppm; Table 3 and Fig. 10b ), also suggest that the gabbro does not represent primary magma but evolved through crystal fractionation. High contents of Ni and Cr in the cumulatic hornblendite sample at Site 2 (Järvikulma) may indicate its direct mantle provenance and it might represent a new, relatively primitive magma pulse, as suggested above. Transgressive influxes of more primitive magma are common in replenished magma chambers (e.g., in the Newark Island layered intrusion, Wiebe & Snyder 1993) . (Pearce & Cann 1973) with data from (Pearce et al. 1977) with data from Table 3 and symbols as in 12a. c) Tectonic discrimination diagram for granites (Pearce et al. 1984) with data from As for some of the major elements, the V and Sr Harker diagrams show two mixing lines for gabbros, MMEs, felsic enclaves and granitoids, but with a similar granitic end member. This supports the idea, which is based on major elements, that the enclaves were affected by fractionation (cf. Andersson 1991) .
Some enclaves are relatively high in Zr. This is, according to Michael (1991) , Wiebe and Snyder (1993) , Xu et al. (1999) and Nardi and Lima (2000) , common in granite-hosted MMEs and could represent original contents of Zr in mafic magma or its enrichment in MMEs.
The Ba and Sr contents of the monzogranites are ca. 60-2500 ppm and 450-1700 ppm, respectively (Table 3 , Fig. 10b) , and resemble those of the coeval post-kinematic granitoids of the Central Finland Granitoid Complex (see Nironen et al. 2000) . Figure 11a shows that the gabbro samples have REE composition similar to those in the MMEs. This is in accordance with the observations of Salonsaari (1995) and Lowell and Young (1999) that granite-hosted enclaves and coexisting mafic magma have similar REE compositions. The hornblendite of the western side is distinguished by its deviating pattern, which could mean a different magma pulse, as suggested above.
Tectonomagmatic discrimination diagrams
The chemical characteristics of the Soukkio Gabbro, together with the light REE-enriched chondrite-normalized patterns (Fig. 11a) and the NbTa and Zr-Hf troughs on the MORB-normalized spider diagram (Fig. 11b) are similar to those of island-arc calc-alkaline basalts (cf. Xu et al. 1999 ). However, they could also indicate the incompatibility of Nb, Ta, Zr, and Hf in the cumulus mineral assemblages and/or contamination by continental crust. It is also noteworthy that Th in part forms a through and that Th content is below the detection limit in most of the samples.
The Soukkio Gabbro samples plot on the boundary between calc-alkali and within-plate fields in Fig. 12a . The samples from the Soukkio Gabbro form a trend from the limit between oce-anic ridge and orogenic fields towards the continental field in Fig. 12b . Anorthosite plot on the orogenic field and a cumulate on the limit between the ocean ridge and ocean island fields on the same diagram.
In Fig. 12c , samples from the Soukkio Granitoid fall in the field of volcanic arc granites. They coincide with the field of post-collisional granites (of Pearce 1996, figure nor shown), which straddles the boundary of the fields of volcanic-arc and within-plate granites. In this respect they resemble the coeval post-kinematic granites of the Central Finland Granitoid Complex (Nironen et al. 2000) .
DISCUSSION
The geochemical data show that the gabbros and granitoids of the Soukkio Complex do not belong to the same differentiation trend. It also indicates that the MMEs have compositions similar to the gabbroic samples although, together with the felsic enclaves, they are intermediate between the granitoids and gabbros. The MMEs form slightly curvilinear trends, which may suggest magma mixing. The REE composition of the MMEs is similar to that of the gabbros indicating that they are related to the gabbro. The presence of such MMEs and felsic enclaves in the Soukkio Granitoid supports field observations on interaction of contrasting magmas in the Soukkio Complex. Although magma mixing is suggested by the data, it also evident that magma mingling and crystal fractionation predominated over mixing. Michael (1991) reports a similar case from the Cordillera del Paine Complex in Southern Chile.
The tectonic discrimination diagrams do not give a clear idea on the tectonic setting of the Soukkio Complex. However, its evolution possibly took place during a syn-to late-collisional transition from volcanic arc to continental within-plate setting.
Evolution of the Soukkio Complex: a model
In complexes with magma mingling and mixing, it is in many cases difficult to determine the order of intrusion (Wiebe 1987b , Vernon et al. 1988 , Weinberg 1997 ) and this concerns the Soukkio Complex as well. In general, however, a granitic magma formed by anatexis is underlain by the mafic magma responsible for the melting event (Hall 1996) . Various field relationships between felsic and mafic rocks have been interpreted as a result of juxtaposition of magmas and they are useful in deducing intrusive relationships. These include net veining, MMEs, synplutonic dykes, and positive gravity anomalies (Hall 1996) ; all these are found in the Soukkio Complex. The basal part of the complex is a dynamically layered gabbro, in contact with supracrustal rocks. The following scenario can be then envisaged, although it involves speculation concerning especially the initiation of the process, due to lack of pertinent geochemical and isotopic data from the granite.
Mafic magma was generated from the mantle under a thin, young and immature crust, which was composed mainly of volcanic rocks and pelites but possibly also of older granitoids. After the mafic magma intruded the crust, it began to convect in the magma chamber. When its margins started to crystallize, the magma liberated great amounts of heat to the surrounding crust. Parts of partially crystallized cumulates of the chamber margins collapsed and flowed on the chamber floor as density currents, creating the layered cumulate zone on the bottom of the chamber. A thermal pulse caused by the intrusion partially melted the crust. Melting was assisted by regional amfibolite facies metamorphism, resulting in granitic magma above the mafic chamber.
Convection got started in the felsic chamber because of the mafic heat source below. Magma mixing took place in the interface between the chambers and formed a tonalitic-granodioritic hybrid layer.
New mafic magma pulses in the form of fountain-like injections invaded the silicic chamber, forming synplutonic dykes or sheets and MMEs, which were dispersed throughout the granitic magma by convection. The accumulation of heavier mafic and ultramafic layers on the chamber floor trapped felsic magmas and caused gravitationally unstable bimodal layering. The trapped felsic magma interacted with the mafic magma, resulting in crenulated and chilled contacts with flame and load-cast structures. Felsic magma attempted to escape to higher levels due to its lower density and disrupted the mafic magma, which formed mafic pillows.
When the complex was crystallizing, late-magmatic gabbro pegmatoids intruded the cumulates. Later, when the body was already crystallized, mafic dikes and late-orogenic potassium granite (1.83 Ga) intruded the complex and formed pegmatites.
CONCLUSIONS AND IMPLICATIONS
The presented data suggest mingling and restricted mixing of mafic and silicic magmas in the Soukkio Complex, indicating similar (1.87 Ga) ages for the granite and gabbro. Mixing was mainly mechanical, and magma mingling was probably favored over mixing. This was due to the minor volume of mafic magma compared with felsic magma, high contrasts in viscosity and composition, low injection speed of mafic magma (see Campbell & Turner 1989 , Koyaguchi & Blake 1991 and/or intrusion in a shallow level (see Hall 1996) .
The base of the Soukkio Complex is a layered cumulatic gabbro. Features found in the CentralWestern Zone of the complex suggest interlayering of felsic and mafic magmas. The mafic magma, which injected into the felsic magma chamber, was disrupted forming pillows and dispersed MMEs in the South-Central Zone of the complex. The Eastern Zone represents mafic, felsic and hybrid synplutonic dykes or sheets intruded into flowing granitic crystal mush at different stages.
The structures found in the complex are similar to those found in mafic-silicic layered intrusions (Wiebe 1993a (Wiebe , 1996 : many features of the Soukkio Complex resemble those of the Newark Island Layered Intrusion (Wiebe 1987a,b) , Cadillac Mountains Complex (Wiebe 1994) and Pleasant Bay Gabbro-Diorite (Wiebe 1993b) . Thus, the Soukkio Complex is the first known example of a stratified composite intrusion in Finland. The present interpretation and model thus propose new concepts for the origin of typical features of the Soukkio Complex, which were previously thought to be the result of granitization of gabbro by potassium metasomatism.
The small proportion of potential parental mafic-intermediate magmas and recognizable cumulates relative to the voluminous silicic magmas (Fig 2) argues against pure fractional crystallization models (cf. Nurmi & Haapala 1986) at Mänt-sälä. Existence of gabbro-diorite-granite association, and geochemistry and petrography of layered gabbros indicate that both interaction of contrasting magmas and fractional crystallization may play an important role during formation of maficsilicic complexes (Barbarin 1991 , Xu et al. 1999 , as shown by the present example.
Occurrence of granitic clasts in supracrustal rocks at Mäntsälä and of granitic enclaves within the mafic pillows of the Soukkio Complex may indicate the presence of older crustal nucleus in the Mäntsälä region.
The evolutionary model of the Soukkio Complex suggested here is in accordance with the view of Lahtinen (1994 Lahtinen ( , 1996 on the origin of the 1.88-1.87 Ga Svecofennian magmatism by mafic magmatic underplating, subsequent generation of granitic magma by crustal melting and its interaction with the mafic magma. Structures and textures suggesting mingling and mixing occur widely also elsewhere in the Mäntsälä region and the HMGB . This reveals a wide synorogenic zone of coeval felsic and mafic magmatism in southern Finland, with implications for crustmantle interaction and Fe-Ti-P mineralization potential in the Svecofennian orogen (Kärkkäinen & Appelqvist 1999 . Due to the widespread evidence of magma mingling and mixing, the Mäntsälä region might be one of the key areas in studies on synorogenic mafic-felsic magma interaction and crust-mantle relationship in the Svecofennian orogen in Finland (Lahtinen 2000) .
Magma mingling and mixing were probably more common during the Svecofennian Orogeny than what has been previously thought. Therefore the occurrences of "granitization of gabbro", so
